The mechanical properties measurement of materials with submicron dimensions is extremely challenging, from the preparation and manipulation of specimens, to the application of small loads and extraction of accurate stresses and strains. A novel, versatile concept of micro and nano-machines to test films or beams with characteristic dimensions ranging between 10 and 1000 nm, allowing multiple loading configurations and geometries, is described. This new nanotesting method has been applied to thin, pure aluminium films. The yield strength linearly increases with the inverse of the film thickness, reaching 625 MPa for 150 nm thickness which is ten times larger than for macroscopic samples. The strain hardening rate is large, similar to what is measured with macroscopic specimens. Unexpectedly, large strains equal to about 75% have been measured before the initiation of a stable ductile failure mode. This nanomechanical laboratory involves thousands of micromachines built onto a single silicon wafer, providing a unique platform for investigating the elementary mechanisms of deformation and fracture in nanoscale metal, polymer or ceramic samples.
Introduction
Transfer of the capabilities of nanosystems into practical applications is frequently impeded by mechanical reliability issues related to permanent deformation, sticking, fracture and wear phenomena. The design of structurally reliable nano-objects is even more constrained than the design of comparable macro-objects because of an increased difficulty for detecting and repairing defects. One asset offered by nature for designing robust nanosystems is that 'smaller is usually stronger' [1 -4] . Nevertheless, the fact that size effects dominate the response of many materials at the sub-micron scale requires to test components at the size of interest in order to determine the relevant mechanical properties. Testing material samples with submicron dimensions is also fundamental for studying the elementary deformation and fracture mechanisms in a quantitative manner, and providing data for the identification and assessment of micromechanics-based constitutive models and advanced computational simulations [2 -5] . Several techniques have been proposed in recent years to measure mechanical properties of very small material samples. Nano-indentation, probably the most frequently used technique, allows determining the hardness and the stiffness of small 2D (film), 1D (line or beams) and 0D (nanoparticles or dots) material samples [3, 4, 6 -8] . The method and material preparation are usually simple, but the interpretation of the results is complex: there is no conclusive methodology to extract strength and strain hardening properties from nano-indentation results, especially when size effects play a dominant role [7, 9, 10] . Nano-indentors have also been used as a means to bend freestanding cantilevers in order to determine elastic properties of thin films [11] and the first stages of plastic yielding in metallic films [12, 13] . Bending of free-standing beams can also be supplied by ultrasonic excitation [14] , electrostatic actuation [15] , fluid pressure (bulge test) [16] or by using a small cylindrical mandrel [17] . A more classical bending technique, which does not apply to freestanding samples, relies on the measurement of the wafer curvature caused by the thermal expansion mismatch between a film and the underlying substrate [18, 19] . All these bending methods are limited to relatively small strains and the control of the boundary conditions is difficult. A compression test method performed with a nano-indentor tip on micropillars generated by FIB machining or by lithographic patterning has provided flow curve measurements up to large strains for diameters ranging between 0.3 and 10 mm [20 -21] . Tensile testing stages have also been developed using piezoelectric [22, 23] , electrostatic [24 -26] or electrothermal [27] actuators. In all these techniques, the preparation and manipulation of nanoscale samples, the application of very small loads and the extraction of accurate stresses and strains remain extremely challenging and delicate [3] . All these techniques repetitively confirmed a major increase of the strength with decreasing sizes as well as sizedependent effects on the fracture resistance.
The new concept presented in this paper constitutes a change of perspective in the mechanical testing of nano-scale material samples when compared with the state-of-the-art described in the previous paragraph.
Testing micromachines concept
The concept is based on two simple ideas. The first idea is to rely on the highly mature microfabrication techniques used for the production of Micro-(MEMS) and Nano-ElectroMechanical Systems (NEMS). One of the greatest advantages of microfabrication technology is the capability for reproducing large numbers of elementary patterns. Hence, the idea is, as shown in Fig. 1 , to multiply elementary testing machines rather than to build one complex multipurpose micromachine.
The second idea is to use internal stress as the actuation mean for loading the test sample. We illustrate the concept for uniaxial tension conditions in Fig. 2 . The actuator is a beam of material chosen for its capacity to generate, after deposition and cooling down, large internal stress. Here, internal stress results mainly from the difference in thermal expansion between the actuator material and the substrate. The actuator beam is deposited on a sacrificial layer. The test sample is deposited on the same sacrificial layer and partly covers the actuator beam. By simultaneously releasing the actuator beam and the test sample through selective chemical etching, the actuator beam contracts and imposes a displacement Dl to the test sample. The measurement of the displacement Dl (Fig. 2 ) of the actuator beam directly provides the value of the mechanical strain (i.e. total strain minus thermal strain) applied to the test sample
where l 0 is the length of the test sample at room temperature before chemical release, a and a sub are, respectively, the thermal expansion coefficients of the test sample and substrate and DT is the difference between the deposition and test temperatures. The mechanical strain in the actuator is equal to
where the subscript 'act' refers to the actuator material and Dl free is the displacement of a free actuator beam with the same initial length. The key assumption is that the actuator remains elastic. The free displacement Dl free is thus proportional to l 0act and must be measured only once. Application of Hooke's law gives that
where E act is the Young's modulus of the actuator. Owing to force equilibrium, the stress in the test sample is obtained from
where S act and S are the actuator and sample sections, respectively. One machine corresponds to one specific stress/strain couple. Different strains are imposed to the test sample by using various sample and actuator lengths (Fig. 1 ) in order to generate full stress -strain curves up to fracture. There are two main constraints for allowing accurate measurements of Dl: (i) Dl must be larger than a limit value Dl min related to the resolution of the measurement method; (ii) the resistance provided by the test sample must be sufficient for Dl to be significantly different than Dl free , which can be expressed by jDl free j À jDlj . xjDlj where x is a fraction of 1, typically 1/10. If Dl free is too close from Dl, then minute errors on the measurement of Dl will lead to large errors on the mechanical strain in the actuator. Using (i) and (ii), these two constraints transform into rules for the minimum length of the actuator beam and for a range of acceptable ratio of the cross-sectional areas of the actuator and of the tested 
As shown in the upper part of Fig. 1 , many sample geometries and dimensions can be designed for tensile loading: (i) samples with a dog bone geometry in order to capture the uniform large strain response up to after necking, (ii) samples with notches or precracks with varying radius of curvature in order to analyse the effect of the stress state on the material deformation and fracture, (iii) samples with single or multiple holes in order to address damage mechanisms at very small scale and related size effects. Modifying the dimensions of the samples such as width or thickness is straightforward and the microstructure can easily be changed by thermal annealing.
Experimental results
In our first generation of micromachines, the sacrificial layer is made of a 1 mm- ) and, combined with a high deposition temperature (800 8C), leads to relatively large internal stress ('700 MPa). Upon release, a free Si 3 N 4 beam contracts by about 0.33%. Furthermore, Si 3 N 4 films can be deposited free of stress gradient and remain thus perfectly flat after release [28, 29] . It is worth noting that bending of actuator and sample beams can occur if the sacrificial layer is not completely removed underneath these beams. Sufficient etching time is considered to avoid this problem.
These new micromachines have been applied to pure aluminium thin films. The films have been evaporated using an e-gun vacuum system at a temperature of about 150 8C and patterned in a Cl 2 /CCl 4 plasma. The release is performed by wet etching of the sacrificial silicon oxide. This wet etching is performed in a mixture of concentrated fluoridric acid (HF 73%) and isopropanol (IPA), HF:IPA ¼ 1:1.
The displacements Dl and Dl free are measured owing to pointers attached at the end of the actuator beam or from the difference in the length of the samples before and after release, using scanning electron microscopy. The observations are carried out just after release in order to avoid relaxation effects. At this time, the accuracy of the displacement measurements is estimated to be about 200 nm. The accuracy is at this time not sufficient to extract reliable data in the elastic range. The Young's modulus of Al is thus taken as the standard value, that is 70 GPa. Integrated capacitive and piezoresistive elements are under development and are expected to provide both better accuracy and faster measurements. Fig. 3a shows the stress -strain response up to several percents of uniform strain of Al films with thicknesses ranging between 150 and 500 nm. A preliminary set of EBSD measurements has shown that the grain size is roughly equal to the specimen thickness. A more quantitative analysis is under investigation. Several points deserve discussion: † The yield strength for the 150 nm-thick films is equal to 625 MPa which is ten times larger than the yield strength expected for macroscopic samples made of pure aluminium, which ranges between 40 and 80 MPa depending on the grain size [19] . † The large influence of thickness on strength is conspicuous. In Fig. 3b , the yield strength, corresponding to the onset of nonlinear plastic flow, is plotted as a function of the inverse of the film thickness, giving the following linear variation: s y ¼ 85ðMPaÞ þ 82=hðMPa mm À1 Þ. A first remarkable result is that the linearly extrapolated strength for infinite thickness is equal to about 85 MPa close to the expected range of values for bulk, pure aluminium macro samples. The yield strength evolution is compared with literature data obtained by the wafer curvature method on Al films with different grain sizes [19] , by an MEMS-based electrostatic method [25] and by the bulge test on freestanding copper films [16] . These data are usually limited to larger thicknesses and to strains lower than 1%. The agreement for the Al films is excellent. It is interesting also to note the proximity with the results obtained for Cu films which are higher by 50 -100 MPa, but otherwise showing a relatively similar dependence on thickness. The linear increase with the inverse of thickness has been predicted by several authors either from closedform dislocation-based models [30] or from dislocation dynamic simulations [16] . † A mean strain-hardening exponent n, defined as n ¼ @ ln s=@ ln 1, was estimated within the plastic regime for each film thickness. It is equal to 0.29, 0.36 and 0.35 for the 500, 250 and 150 nm-thick films, respectively. These values, which agree with strain hardening exponents measured on macroscopic samples, are high and guarantee a good resistance to plastic localisation. This high level of strain hardening contrasts with the reported loss of strain hardening capacity in some nanostructured bulk metallic alloys [31] . Fig. 3c shows the initial and deformed configurations (near the final fracture point) of a 250 nm-thick notched film. Unexpectedly large plastic strains are attained locally before fracture. In order to provide an estimate of the fracture strain, 3D finite element simulations [32] of the notched specimens have been performed within a finite strain set up using the J2 flow theory. The simulations were compared with the experiments at the same notch opening displacement. The effective strain at the notch root, where fracture starts, is '0.55 which corresponds to an engineering strain equal to 75%. Fig. 3d shows that the failure mechanism involves the growth and coalescence of tiny voids, such as observed on millimeter-thick metallic plates [33] . Higher magnification observations show that the voids seem to nucleate at grain boundaries.
The observed high fracture strain combined to the high strain hardening capacity (which contrast with several data reported in the literature, e.g. [12, 34] ) leaves open the possibility for forming nanoscale aluminium samples, such as nanowires or other more complex nanostructure shapes, which, in the meantime, will present excellent strength. Experimental results such as those reported in Fig. 3 are also extremely useful for validating models developed in order to understand size effects and, ultimately, to design reliable nanosystems.
Conclusion
The value of the new concept of micromachines presented in this paper and used, as a first application, to Al films primarily lies in its simplicity. The only basic physical parameter to be measured is a single displacement from which both stress and strain can be evaluated. This simplicity also facilitates integration with the electronics. Current investigations focus on co-integrating with electronic device displacement measurement methods based on capacitive and piezoresistive elements, leading to a true on-chip nanomechanical laboratory [3, 35] . The concept is also versatile. Many other loading configurations than simple tension can be envisaged. As shown in Fig. 1 , machines for conducting shear, biaxial, compression, threepoint bending and double cantilever opening tests have been fabricated. The combination of these different loading configurations will allow probing many different mechanical properties and determining materials behaviour under general loading paths in order to construct yielding/failure locus. All materials that can be deposited (or grown) and patterned using lithographic and wet or dry etching techniques can, in principle, be tested in order to determine elastic, (visco-) plastic, creep and fracture properties.
